ELECTRICAL RESPONSES ~RO~I GRASSItOPPER EYE
the animals were prepared in the following manner: Black paraffin chambers were built around the corneas of both eyes and fitted with glass end plates, one of which was rendered opaque to light by black paraffin. The tops were left open, and the chambers were filled with salt solution. The animals were then mounted in the electrode chamber, and electrical contact was made between reservoirs, which contained salt solution and non-polarizable electrodes, and the chambers about the eyes. One eye was il- 2 4 FIG. 1. Diagrams illustrating electrode positions and electrical circuits. In the preparation involving leads 3 and 4 it is understood that the blood of the grasshopper completed the electrical circuit between the two eyes. The numbers on each circuit refer to the leads described in the text in full detail. luminated for a controlled length of time with an intensity of 10,000 foot-candles, which will be referred to as unit intensity. The electrical responses were amplified by a variable-time-constant high-gain amplifier, and recorded on sensitized paper by means of a cathode ray oscillograph. For the slow potentials the amplifier was operated at a low gain and a long time-constant (2.9 seconds); for the faster oscillations the amplifier was operated at high gain and short time-constant (0.1 sec.).
The records presented in this paper were obtained with a variety of electrode positions, and in some cases the optic and cerebral ganglia were removed. The various lead combinations are diagrammed in Fig. 1 and were as follows: Lead 1, input dec-trode connected to illuminated cornea; ground electrode to non-illuminated cornea; animal intact or with exoskeleton of front of head removed so that the ganglia could be easily removed later. Control experiments demonstrated that removal of part of the exoskeleton of the head did not affect the form or magnitude of the electroretinogram. Lead 2, input electrode (Ag-AgC1 or bare metal insulated to tip)placed on the optic ganglion, ground electrode on non-illuminated cornea. Lead 3, same as lead 1 except that the optic and cerebral ganglia were removed by simply lifting the ganglia out with a pair of forceps. Histological examinations of these preparations were made and are described below. Lead 4, animal deganglionated, input electrode on back of eye in position formerly occupied by the optic ganglion, ground electrode on non-illuminated cornea. Lead 5, isolated eye and ganglion preparation, input electrode on ganglion, ground electrode on the optic nerve or the crushed cerebral ganglia. In no case was the animal connected to ground except through the ground electrode.
RESULTS

I. Allocation of the Origin of the Electroretinogram A. The Electroretinogram of the Normal Animal. (Lead/)
.--The wave form of the electrical response of the normal Trlmerotropis eye to a half-second light stimulus of unit intensity varies with the state of light adaptation. The response of the maximally dark-adapted eye is a negative (downward) wave consisting of a rapid b-wavO with a latent period of about 10 msec., a c-wave which is a maintained potential, and a downward spike, the d-wave (row 1, Fig. 2 ). The d-wave ends with a return to the base line.
Upon light adaptation this response changes in several ways: (1) The b-wave and the d-wave spikes apparently decrease in size; this is caused by (2) an increase in the magnitude of the c-wave. The magnitude of the c-wave first undergoes a decrease and then a considerable increase (row 1, Fig. 2 ).
These responses of the eye of Trimerotropis differ from those of kfelanoplus differentialis, described previously, in that the b-and d-waves are present in the dark-adapted eye. In M. differentialis these waves appear only under conditions of light adaptation (Jahn and Crescitelli, 1938) . On the basis of the three-component theory (Granit, 1933) these differences are explainable by assuming slightly different magnitudes or wave forms for the components.
B. The Electroretlnogram of the Deganglionated 2 Animal. (Lead 3).--The
wave form of the electroretinogram of the deganglionated eye is characteristically and constantly different from that of the normal eye in several respects: (1) The b-wave spike is modified into a blunt peak which ends in a 1 The terminology applied to parts of the typical vertebrate electroretinogram have been carried over and applied to the arthropod electroretinogram, but a fundamental similarity between the two is not necessarily implied.
The operative procedure in the removal of the optic ganglion is described below in the section on morphology. 
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FIo. 2. Copies of typical responses obtained from normal and deganglionated compound grasshopper eyes and optic ganglia. The number at left of each row of records corresponds to the number of a lead in Fig. 1 . All exposures were one-half second. DA denotes dark-adapted, IA, intermediate-adapted, and LA, light-adapted. In row 1 the DA, IA, and LA records are the first, tenth, and one-hundredth responses from a repetitive series. Time-constant: 2.9 seconds. Downward deflection denotes negativity of left lead in Fig. 1 . II A consists of normal ERGs obtained from an animal before deganglionation. Record IIB was obtained from the same animal after deganglionation. Similar experiments were performed on a number of animals. The principal differences between records II A and IIB have been observed in every case studied and strongly suggest a contribution from the optic ganglion to the normal ERG.
C. Normal and Deganglionated Electroretinograms Recorded from the Back of the Eye. (Leads 2 and 4)
.--With the input electrode placed on the optic ganglion and bathed by the blood of the grasshopper (lead 2) an inverted and modified form of the normal ERG is obtained (row 2, Fig. 2 ). There is an alteration of wave form, but by far the most significant difference is a greatly increased latent period. The latency is about three times as great as the same response recorded from the corneal surface (approximately 30 msec. vs. approximately 10 msec). The peak of the potential with lead 2 is considerably later in appearance than the peak of the b-wave with leads 1, 3, or 4. This increase in the length of the latent period becomes significant only when it is compared with a similar recording of the deganglionated E R G (lead 4). The response obtained with the deganglionated animal is the inverted form of the deganglionated E R G recorded from the corneal surface (lead 3), and there is no increase in latency and very little distortion of wave form (row 4, Fig. 2 ). These results would seem to indicate that with lead 2 the optic ganglion was the source of a potential which interacted with the potential from the eye, thus giving rise to the observed differences, and that with lead 4 only one potential source--that of the eye--existed. (The possibility that two components, o n e positive and one negative, occur in the eye will be discussed later.)
In a few cases the deganglionated eye gave a simple deflection in the positive direction comparable to a square wave which was maintained during illumination. In these cases the basement membrane suffered obvious injury, and the source and significance of this potential difference remains uncertain.
D. Slow Potentials Recorded from the Isolated Eye Ganglion Preparation.
(Lead 5).--The response of the ganglion to a half-second light stimulus is a diphasic response, the major portion of which is a slow negative wave (row 5, Fig. 2 ). The wave form remains constant with light adaptation, but the magnitude decreases. In all cases the optic ganglion first became electrically negative to the optic nerve and cerebral ganglia. The latent period of this ganglion potential is about 28 msec. This is longer than the latent period with leads 1 and 2, but not quite so long as that of lead 3.
The wave form of these responses, particularly the return toward the base line during illumination and the positivity with a return to the base line upon cessation of illumination, might be taken upon superficial examination to be caused by amplifier distortion (too short a time-constant). This possibility, however, is eliminated by the fact that responses of similar length and magnitude from the corneal surfaces of the eye (records II A and II B, Fig. 3 , rows 1, 2, 3, 4, Fig. 2) show no such distortion and were obtained with the same amplifier characteristics. Therefore, the peculiar wave form of these slow potentials may be considered as the result of spreading of the potential change over the surface of the ganglion. Apparently because of the short length of the optic nerve and the lack of a myelin sheath the ground electrode in lead 5 is not "indifferent" but is in electrical contact with the active region of the ganglion in such a way that the leads are "diphasic." There is no reason to assume that the spreading of potential over the ganglion is much different in lead 1 (except, perhaps, for a slowing of the spread because of possible damage to the ganglia), but the lead in that case is apparently "monophasic." The curve of potential change at any one point on the ganglion probably simulates a "square" wave. Since with half-second exposures the "on" effect is greater than the "off" effect (row 5, Fig. 2 ), this square wave probably declines in magnitude.
II. Allocation of the Electrical Oscillations
The electrical oscillations used in these experiments fall into the class of intermediate adaptation rhythms, as defined by Crescitelli and Jahn (1942) . This rhythm is present when the eye is partially light-adapted but disappears with both extreme light and dark adaptation. In these experiments it was observed that the intermediate adaptation rhythm could be elicited by a stimulus only when the optic ganglion behind the illuminated eye was present and uninjured (records II C and II D, Fig. 3 ). When the optic ganglion was surgically removed electrical oscillations were never obtained (record II E, Fig. 3 ). The oscillations are sometimes of greater magnitude when the recording electrode is placed on certain parts of the ganglion.
In the isolated eye ganglion preparations previously described the slow potential was always present, but the electrical oscillations were never recorded. This failure was attributed to possible slight injury of the ganglion. Roeder (1939) encountered a comparable phenomenon when he failed to obtain oscillations after severing the optic nerve. Later (Roeder, 1940) he pointed out that this absence of oscillations was caused by slight injury of the ganglion.
IIL Morphological Observations
Surgical removal of the optic ganglion, which is closely attached to the back of the eye, was facilitated by a natural tendency of the ganglion to separate easily from the eye close to the basement membrane. This resulted in almost complete removal of the neurone layers of the ganglion with minimal injury to the sensory elements of the eye,
The optic ganglion is composed of three neuropiles, or synaptic areas, one, the lamina ganglionaris, almost immediately behind the basement membrane and two larger groups, the medulla externa and medulla interna, toward the center of the head. The neurocytes are on the periphery of the ganglion and between the neuropiles. The ganglion is covered by a neurilemma except on the side adjacent to the basement membrane. In the deganglionated animals the two median neuropiles (medulla externa and medulla interna) and all of the neurilemma were completely removed. In all cases the lamina ganglionaris was considerably damaged and partly removed and the basal retinal pigment was clearly visible from the back of the eye. The only neurocytes which were not removed were those few which were between the lamina ganglionaris and the basement membrane. As wiU be discussed below it is highly improbable that these neurocytes contributed to the recorded potential. In some few cases the basement membrane seemed to be considerably injured, and in these cases the recorded action potential was a simple maintained deflection with reversed polarity.
DISCUSSION
Summary of E~idence for Allocation of Potentials
The conclusions drawn from the series of experiments which have been described are: (1) that the optic ganglion is the site of origin of electricai oscillations and (2) that the slow potential of the optic ganglion is a component of the electroretinogram of the grasshopper. The various evidences for these conclusions will be presented.
I. Evidence for the Conclusion that the Optic Ganglion Is the Site of Origin of the Electrical Oscillations
It has been clearly demonstrated Crescitelli, 1940, 1941; Crescitelli and Jahn, 1942; and Roeder, 1940 ) that the cerebral ganglia are not in any way concerned with the high frequency oscillations recorded from the eyes of grasshoppers. In the present series of experiments we have demonstrated that the electrical oscillations are present when the optic ganglion behind the eye is present and uninjured, and absent whenever the ganglion has been mutilated or removed.
These observed facts point clearly to the optic ganglion as the source of high frequency oscillations, a conclusion corroborated by the fact that these oscillations are of greater magnitude when recorded from certain parts of the intact optic ganglion.
II. Evidence for the Conclusion That the Slow Potential of the Optic Ganglion
Contributes to the Grasshopper ERG A. Direct Evidence.--A comparison of the responses obtained from the corneal surfaces of the normal and deganglionated grasshopper reveals distinct and constant differences which have been observed in every case studied. It is concluded, therefore, that removal of the optic ganglion is directly responsible for the changes produced in the ERG. This reasoning leads to the logical assumption that the ERG of the normal animal is an algebraic sum of two potentials, one originating at the sensory membrane and the second originating at the optic ganglion.
That the optic ganglion actually is the source of a slow potential is amply illustrated by the records taken with the isolated eye ganglion preparation (lead 5). As explained above, this change of potential probably simulates a square wave of declining amplitude. The results of Adrian (1937) on Dytiscus demonstrate that in this animal the optic ganglion potential is a negative wave which is maintained during illumination. On the basis of other work on ganglia and on the vertebrate central nervous system a more or less maintained negative wave is the type of potential change which might be expected.
On the basis of the above observations, it is possible to reconstruct the normal ERG by algebraic summation of the ERG from the deganglionated animal (i.e., the potential from the sensory membrane) and the potential from the optic ganglion. In this reconstruction it is necessary to account for the following characteristics of the normal ERG: (1) the b-wave spike; (2) the d-wave spike; and (3) the increase in magnitude of the c-wave upon light adaptation. All these three characteristics are partially or totally absent in the electroretinogram from deganglionated animals.
During illumination the back of the compound eye becomes electrically positive to the front of the eye, and the optic ganglion becomes negative to the optic nerve. Therefore, it might seem likely that when measurements are made across both the eye and the ganglion, the negativity of the ganglion should oppose the posifivity of the back of the eye, and the recorded potential should be the sum of the potentials of these two sources. However, the observed potential approximates the difference rather than the sum of these two potentials, and this fact makes it seem likely that the fibers going into the ganglion make electrical contact with the inside of the ganglion (i.e., with the positive area) and that the negativity of the outer side of the ganglion is recorded in opposition to the potential from the sensory membrane. The algebraic summation of these potentials is shown diagrammatically in Fig. 4 .
On this basis we can account for the above three characteristics of the normal ERG as follows: (1) Since the latency of the optic ganglion response is greater than that of the ERG of the deganglionated animal, the initial blunt negative spike of the former will react with the initial peak of the ERG to produce the b-wave spike of the ERG of the normal animal; (2) the response of the optic ganglion is terminated by a rapid change in the positive direction, and it is this change which adds (because of its location) to the declining negative potential from the sensory membrane to give rise to the d-wave spike of the ERG of the normal animal. (3) The magnitude of the two peaks recorded from the isolated ganglion and presumably of the maintained potential of the ganglion decreases with light adaptation (row 5, Fig. 2 ). This decrease in the ganglion /f FIG. 4 . Diagrammatic representation of the algebraic summation of potentials from the sensory membrane (deganglionated ERG) and opticganglion to produce the normal ERG. The potentials above the base line are positive; those below the base line are negative. Refer to text for further details. potential will account for the increase in magnitude of the c-wave upon light adaptation in the ERG of the normal animal. In Fig. 4 it can be noted that the summation of the two potential changes results in a slight inflection on the front of the b-wave of the normal ERG. This inflection is usually visible in original records of the normal ERG, especially in slightly light-adapted animals, and is barely perceptible in record II A of Fig. 3 . This inflection was never observed in records from deganglionated animals.
This close similarity between the response of the optic ganglion and the arbitrary summation of the responses of the normal and the deganglionated eyes indicates the probability that such a process of algebraic summation actually occurs. The exact wave forms of the responses may be somewhat different from those of Fig. 4 because of slight condenser distortion (time-constant of 2.9 sec.), but the basic contours must be very similar to those presented.
In this discussion the possibility that the neurocytes remaining near the basement membrane after deganglionation may contribute to the potential has not been considered. It is unknown whether or not these neurones were still active after removal of the ganglion. However, since the ganglion potential as ordinarily measured is either a difference between the inside and outside of the ganglion or between ganglionic axons and neurocytes it seems highly probable that when most of the ganglion and all of the neurilemma have been removed, any potential developed by the remaining ganglion cells would be shunted in such a manner that it would be undetectable with the leads used. B. Indirect Evidence.--It has been pointed out that the normal electroretinogram, when recorded from the back of the eye, exhibits a marked increase in the latent period, whereas the degangllonated electroretinogram, when recorded from a similar electrode position, exhibits no such discrepancy in latency.
These results may be explained on the assumption of the existence of two potential sources in the normal animal, one source being the sensory membrane, the other the optic ganglion. Since these fields would exist almost simultaneously an electrode placed anywhere within the superimposed areas of these potential fields would record the algebraic summation at that particular point. The wave form and latency resulting from this algebraic summation would change with the location of the recording electrode.
When one of the potential sources, the optic ganglion, is removed, the electrode records only the one potential, which may be the inverted form of the response obtained from the corneal surface of the eye of the deganglionated animal.
This line of reasoning coincides in every respect with the experimental observations and therefore affords good indirect evidence for support of the conclusion that the slow potential of the optic ganglion exists and is summed algebraically with the slow potential of the sensory membrane.
Other Attempts to Allocate the Potential
The only other serious attempt to allocate the origin of the insect ERG is that of Bernhard (1942) . Bernhard used isolated eye and eye ganglion preparations of Dytiscus marginalis. Recording electrodes were placed on the cornea and at various places along the optic and cerebral ganglia and on both sides of the isolated eye. When the ganglia were removed it was found that the oscillations were no longer recorded and that the ERG resembled a smooth square wave. Cocainization resulted in a similar ERG recorded between the cornea and cerebral ganglia. Recording from the back of the eye and the cerebral ganglia of the cocainized preparation resulted in an electrical change similar to and of the same electrical sign (negative) as recording from the cornea. This potential decreased in magnitude as the active recording electrode was moved along the optic ganglion toward the cerebrum. Bernhard concluded that this potential was the electrotonic spread of the ERG. Previously, Adrian (1937) had described this same potential as a ganglion potential, but Bernhard (1942) did not agree with this interpretation.
On the basis of Bernhard's interpretation, the front part of the eye upon illumination becomes more negative than the back part of the eye, and the whole eye (or at least both surfaces of the eye) must become negative to the cerebral ganglia. The first conclusion is amply supported by Bernhard's records of Dytiscus and our own records of Trimerotrop~s and unpublished records on other grasshoppers. However, the second conclusion is based only on records taken from the optic ganglion and cerebrum of Dytiscus. Records comparable to those from lead 4 (of present paper) are not readily obtainable from isolated preparations, but they have been obtained from deganglionated specimens of Trimerotrop~s. Our records demonstrate conclusively that with lead 4 the back of the eye gives a positive potential. Since lead 5 gives a negative potential it seems logical to assume that, at least in Trimerotropis, the ganglion gives rise to a negative wave, and that the potential measured on the ganglion is not the electrotonic spread of the (positive) eye potential. In Dytiscus this problem warrants further investigation.
Vertebrate vs. Invertebrate Components
The theory has been presented herewith that the normal electroretinogram of Trimerotropis is formed by the summation of a ganglion potential and a potential from the sensory membrane. This is essentially similar to the theories of two or three components which are supposedly summed in order to give thevertebrateERG (Kohlrausch, 1931; Granit, 1938) . At presentwe have no basis for assuming which, if any, of the components of the vertebrate ERG are comparable to the two which are herewith proposed for the grasshopper.
In previous publications (e.g., Crescitelli, 1938, 1940; Jahn and Wulff, 1942 ) the nomenclature of thevertebrate ERG has been adopted, but it has also been pointed out that the cause of this adoption has been a matter of convenience rather than a conviction that the two wave forms are directly comparable. The same caution should be observed in the case of the components.
However, on the tentative assumption that the components proposed herewith might be directly comparable to those proposed for the vertebrate eye, a comparison may be made. The so called negative component (PIII of Granit) is in the direction opposite from that of the normal ERG and accounts for the a-and d-waves. In the grasshopper, according to the present evidence, the ganglion potential assumes a similar position and accounts for the sharpness of the b-wave and for the d-wave. 3 If we assume that the ganglion potential is strictly comparable to the negative component (P III) of vertebrates, and that PIII is a process in the ganglionic neurones, we must then conclude that the activity of these ganglionic cells is much less susceptible to the action of toxic agents than is that of the site of origin of components I and II, for component III is always the last to disappear under the action of ether (Granit, 1933) , low temperature (Nikiforowsky, 1912) , and potassium (Therman, 1938) . It seems, a priori, as if the ganglion potential should be quite sensitive to these reagents, and one might expect component III, on the basis of its low temperature coefficient, to be developed more or less directly by the photochemical process in the sense cells. For that reason it does not seem possible to conclude that the ganglion potential is strictly comparable to the negative component (PIII) of vertebrates. It is possible that PIII may be comparable to the negative potential obtained from grasshopper eyes with an injured basement membrane. However, further analysis of possible homologies must await future investigation. Bernhard (1942) concluded that there were two components in the ERG of Dytiscus, one which was an index of receptor activity and one which resulted from light adaptation. The two components herewith proposed for Trimerotropis are not the same as those described by Bernhard. We have made no attempt to separate the deganglionated eye potential into components. The fact that the back of the deganglionated eye becomes positive may be considered as evidence of a "dipole"--producing mechanism or it may be taken to indicate that the ERG consists of two processes, one of which makes the back of the eye positive (cf. Therman, 1940) . This problem is beyond the scope of the present paper.
The ERG of the deganglionated Trimerotropis eye presents certain similarities to the ERG of other arthropodeyes. TheERG of Limulusin response to a stimulus of one-half second or longer is a simple deflection which reaches a maximum rapidly and then subsides to a low potential which is maintained during illumination (I-Iartline, 1928 (I-Iartline, , 1935 . This type of ERG differs from that of the deganglionated Trimerotropis eye principally in the relative magnitudes of the maximum and the maintained potentials. Since the optic ganglion of Limulus is separated from the eye and does not participate in the ERG, one might expect a similarity between the response of Limulus and that of the deganglionated insect eye. In the crayfish, the ERG is very similar to that of Limulus (un- published observations by Jahn and Crescitelli). The crayfish optic ganglion does not cover the back of the eye and is separated from it by a constriction, in wave form from those of the grasshopper, especially since both a-waves and sharp b-waves (even multiple b-waves) may be present. However, it seems permissible to assume that the ganglion contributes a negative component comparable to that of
Trimerotrepis.
and it seems as if summation of ganglionic and sensory membrane potentials does not occur.
The wave form of the ERG of Mdanoplus is considerably simpler than that of Trimerotropis. It seems quite probable that the principal differences between the ERGs of these animals may be causedby the geometrical relationships of the eye and optic ganglion. In relation to the size of the eye the optic ganglion of Trimerotropis is relatively much larger than in Melanoplus, andit seems probable that the relatively larger ganglion may prevent shunting in such a way that more of the ganglion potential is summed with sensory membrane potential to produce the recorded ERG. This idea is supported by the fact that in Melanoplus the wave form of the ERG is only slightly affected by removal of the ganglion (Jahn and Wuiff, unpublished observations). It also seems possible that the geometrical configuration of the eye and ganglion of Dytiscus may explain Bernhard's observation that removal of the ganglion does not change the major wave form. In the case of animals which undergo a diurnal rhythm in the wave form of the ERG (Jahn and Crescite]li, 1940; Jahn and Wulff, 1942 ) such a simple explanation is not sufficient to account for the differences between the day and night'type of responses.
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